ABSTRACT Study of more than 200 species suggests that the anatomical differences among birds are as big as those among other vertebrates of comparable taxonomic rank. The result is notable because, for more than 100 years, many biologists have believed that birds are more uniform anatomically than other classes of vertebrates. Furthermore, assessment of biochemical and geological evidence suggests that the time scale for bird evolution could be quite short. Hence, birds may share with placental mammals the distinction of having had a high rate of anatomical evolution, compared to that in lower vertebrates. The rate appears to have been very high in songbirds and higher primates and extremely high in the genus Homa In an attempt to explain such contrasts in rates of anatomical evolution, we advance the hypothesis that in higher vertebrates, behavior, rather than environmental change, is the major driving force for evolution at the organismal level. This hypothesis predicts accelerated anatomical evolution in species composed of numerous mobile individuals with the dual capacity for behavioral innovation and social propagation of new habits. Consistent with this hypothesis, we demonstrate a correlation between relative brain size and rate of anatomical evolution in land vertebrates.
Since the early days of evolutionary biology, vertebrate biologists have repeatedly suggested that the anatomical differences among birds (class Aves) are minor compared to those existing within other classes of vertebrates (1) (2) (3) . This suggestion fostered the impression that the tempo of anatomical evolution in birds has been lower than in mammals (2) and led some authors to try to account for it in terms of functional constraints. They (4, 5) postulated that the bird body plan is so constrained by the structural requirements for flight that many anatomical changes that could be tolerated in more generalized animals would be selected against in birds. But we know of no thorough studies comparing the magnitude of the morphological differences among birds to those among species within other vertebrate classes. It is important to examine this problem quantitatively because of the bearing the result could have on our understanding of the factors that determine the rate of organismal evolution.
METHODS AND MATERIALS
Quantitative Approach. Our approach is based on the method of Cherry et al (6) , which has recently been shown to give an approximate measure for the intuitive concept of degree of overall morphological difference. We made use of bird skeletons in the Museum of Vertebrate Zoology at Berkeley and measured eight traits representing all major parts of the body (see Table 1 ).
Measurements were made on 474 skeletons representing 239 species and subspecies of birds belonging to 26 of the 27 orders recognized by ornithologists (7) . From 
these measurements, we
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in which H is the Manhattan distance, xi is the mean value of the relative length of the ith trait in species X and yi is the corresponding value for the homologous trait in species Y (6). The relative length of a trait is the length divided by the sum of the lengths of all eight traits. The suitability of H as an estimator of morphological distance has been shown elsewhere (6) .
RESULTS
Hummingbird Versus Albatross. (6) . These quantitative morphological results enhance respect for the collective judgment of previous generations of bird taxonomists and give no support to the view that birds are oversplit taxonomically. Table 2 gives further information about the results that are summarized in Fig. 1 , allowing statistical tests to be done. From the means and standard errors for the morphological distances observed at each rank in the taxonomic hierarchy two conclusions emerge. (i) At none of the taxonomic ranks considered are the bird distances significantly below those for frogs, lizards, or mammals of comparable rank in the taxonomic hierarchy. (ii) With the exception of the one high point for mammals at the family level, the distances among bird orders are significantly greater (P < 0.05) than those among families and superfamilies of frogs, lizards, and mammals.
Songbirds. We compared the morphological distances among songbirds (suborder Oscines, order Passeriformes) to those among other birds. As is evident from Table 3 , the morphological differences among songbirds at a given rank in the taxonomic hierarchy are nearly as big as those for other birds, although there has been doubt among ornithologists (e.g., see ref. 8 ) that this result would be observed. (9, 10) . Hence, the possibility that the lineages leading to all modern birds stem from one of the many ancient bird species that lived about 65 million years ago deserves to be entertained.
A short history for modern birds would fit with geological evidence suggesting that there was a worldwide catastrophe 65 (6) . The ordinal value for lizards refers to the comparison of conventional lizards (order Squamata) with the tuatara (order Rhynchocephalia). The 239 bird taxa examined and the 3,792 measurements made on them will be published elsewhere. To calculate means and standard errors, we picked independent (i.e., nonoverlapping) pairs of taxa. That is, no subspecies or species was used in more than one comparison. This allowed statistical tests to be done as described in the text. Because the Wetmore classification (7) of birds does not recognize subfamilies, we were careful in the comparisons of genera to avoid comparing representatives of what other authors would consider to be different subfamilies. 27 orders of birds show that the accumulation of point mutations causing amino acid substitutions has been modest in birds compared with other vertebrates (12) . This finding has been confirmed by more limited studies within a few bird orders (14) . Point mutations are known from research on other groups of organisms to accumulate in approximate proportion to elapsed time (15) . The small extent of point-mutational divergence among birds might be due largely to the short period of time elapsed since divergence.
Rates of Anatomical Evolution. Knowing that the anatomical differences among most orders of birds are not small and as- The times of divergence are based on the fossil records for extant genera (12, 13) as well as on biochemical evidence in the case of hominoids (15, 20) .
tExcluding Homo but including Australopithecus.
suming the short time scale proposed above, we must suggest that anatomical divergence among birds has been unusually fast in relation to both point-mutational divergence and to time. The only other group of land vertebrates with comparable rates of anatomical evolution are the mammals (Table 4) . We can now ask what properties the rapidly evolving vertebrates share that are lacking in more conservative groups, such as frogs, salamanders, and most lizards (6, 15) . By focusing on such properties, one may gain insight into those factors, other than functional constraints on body plan, that determine the rate of evolution at the organismal level.
Behavior and the Rate of Evolution. To explain the high rate of anatomical evolution in birds and the especially high rate in songbirds, we develop Hardy's hypothesis (21) that behavior can be a major driving force for evolution at the organismal level. Our hypothesis, termed "behavioral drive" or "behavioral selection," relies on two behavioral components-innovation and social transmission-as well as on a large gene pool. Behavioral innovation refers to the nongenetic (or genetic) origin of a new skill in a particular individual, leading it to exploit the environment in a new way. Social transmission refers to the nongenetic spreading of a new skill among members of the species. Animals without the skill acquire it either by observing and imitating those who perform it or by other mechanisms of social learning (22) . As a consequence of adopting a new habit, the species faces a new set of selection pressures favoring those mutations that improve the individual's effectiveness at living in the new way. The likelihood that mutants conferring such abilities are present in the population is proportional to its size.
Earlier views about the effect of behavior on anatomical evolution contain the recognition that new behaviors produce selection pressures favoring complementary anatomical mutations (21, 23, 24) . Until now, however, there has not been, to our knowledge, an explicit hypothesis emphasizing the idea that nongenetic propagation of new skills and mobility in large populations will accelerate anatomical evolution by increasing the rate at which anatomical mutants of potentially high fitness are exposed to selection in new contexts and that this idea has significance for understanding rates of anatomical evolution in vertebrates other than humans.
Examples. The evidence that behavioral innovation and social transmission occur in songbirds (as well as in other birds and many mammals) has been reviewed (22, 25) , the most famous example being provided by British tits. Early in this century, a few tits recognized milk bottles as a potential resource, discovered how to open them, and began drinking milk. The drinking of milk spread nongenetically, so quickly that within a few decades most of the million or so tits in Britain engaged in the practice (26) . This new habit presumably exposed tits to a new set of selection pressures, ranging from selection for the biochemical ability to cope with the unusual chemicals present in milk (such as lactose and tributyrin) to selection for anatomical traits that improve the ability to open milk bottles (21) .
Some human populations that have descended from cattleraising cultures provide a possible example of the power of behavior to drive the fixation of genes for lactose utilization. Most members of these populations (i.e., Northern European and some African populations) differ from other people and animals by possessing lactase in their intestinal mucosa as adults (27) . (1983) 4397 Tests of the Hypothesis. The degree to which behavior facilitates adaptive evolution at the organismal level is expected to depend on three factors: (i) the frequency with which new habits originate, (ii) the speed at which they are transmitted horizontally to other individuals within the species and the effectiveness with which they are transmitted vertically from one generation to the next (28) , and (iii) the genetically effective size of the population to which the habit is transmitted. These factors probably have high values in those vertebrates that evolve unusually rapidly at the anatomical level-namely, birds and mammals-but it is hard to measure them directly.
A quantitative, but indirect, measure of the first two factors is relative size of the brain. In relation to body weight, birds and mammals have brains that are several times bigger than those of reptiles and amphibians ( Table 4 ). The brain is still bigger in songbirds and primates, whose rates of anatomical evolution are especially high. The individuals in these two groups are notable also for their mobility and ability to communicate over long distances, both visually and vocally (22, 23) . The genus Homo is at the top of the scale in regard to rate of anatomical evolution, relative brain size, and the capacity for rapid behavioral shifts throughout large populations. From the strength of the correlation (r > 0.97) between the two sets of values in Table 4 we conclude that most of the variation in rate of anatomical evolution among vertebrates is associated with, and thus may be due to, variation in relative brain size.
In addition, molecular studies have shown recently that anatomically fast taxonomic groups have a great deal of gene flow among populations within a species (29, 30) and thus have an effectively large population size. By contrast, in anatomically conservative groups like salamanders and frogs, there is relatively little genetic (or behavioral) contact among populations (29, 30) . The importance of strong selection on large populations for rapid evolution involving mutations with major effects has been emphasized in a recent theoretical study (31) .
Our proposal that the incidence of cultural shifts and gene flow throughout large populations determines the pace of organismal change in higher vertebrates can be tested by extending the quantitative study of anatomical evolution to other groups of animals. Also, it will be important to examine the relationship of social learning to sexual selection (32), coevolution, speciation, karyotypic change, point-mutational evolution, and changes in genome size.
Autocatalysis. During the history of land vertebrates, the relative size of the brain has increased (16) in a manner that is reminiscent of an autocatalytic process in the lineages leading from amphibians through reptiles to birds and several mammalian groups, especially in the lineage leading to humans. In light of the strong correlation between relative brain size and rate of anatomical evolution, we propose that this rate has also been accelerating along those lineages. Our view of anatomical evolution as an autocatalytic process, mediated by social learning, contrasts with the old view that the pressure to evolve has been rather steady through geological time, owing to relentless environmental changes generated by constant geological forces.
